Color and chemical changes were investigated in beech wood (Fagus sylvatica L.) following light steaming and further heat treatment for 2.5 h at 200 °C by two techniques (industrial ThermoWood versus a laboratory procedure in the presence of air). Colour changes were evaluated in the CIE Lab system, while Fourier transform infrared spectroscopy with attenuated total reflection (FTIR-ATR) investigation was employed to highlight and compare the associated chemical changes. Light steaming caused only minor chemical changes (limited hydrolysis of hemicelluloses) not ready detectable by FTIR. In contrast, heat treatments caused visible changes in the FTIR spectra, especially in the region 1800 to 1500 cm . A significant variation of the ratios of relevant absorption bands indicated complex chemical changes, including hydrolytic, oxidative, and condensation reactions. FTIR ratios and the mass loss values in the two heat treatments relate, both indicating a more advanced modification in the case of the ThermoWood process.
INTRODUCTION
Both steaming and heat treatment are thermal treatment processes that modify the color of wood in a pleasant way while also improving other wood properties. These changes are related to specific chemical properties of different intensity and complexity, which may involve the main and the secondary chemical components of wood in direct relation to the actual treatment conditions (temperature, time, and treating environment). Analyzing property changes in relation to chemical changes under different treatment conditions is, therefore, important for a better understanding the processes involved.
Spectroscopic methods, such as color measurements in the CIE Lab system and FTIR, are valuable modern research tools, as they are rapid, versatile, and non-destructive. FTIR is often employed to reveal chemical changes in the structure of organic materials, including wood (Tolvaj and Faix 1995; Colom et al. 2003; Pandey 2005; Pandey and Vuorinen 2008; Candelier et al. 2016; Cheng et al. 2016) . Reliable qualitative and semiquantitative information on the chemical changes in the composition of wood and the structure of wood main components can be obtained by comparatively analyzing FTIR spectra of control and treated wood (Tdjeersma and Militz 2005; Pandey and Vuorinen 2008; Emandi et al. 2011; Chen et al. 2012 Chen et al. , 2014 Li et al. 2015; Candelier et al. 2016 ).
More advanced color and related chemical structural changes (e.g., Tdjeersma and Militz 2005; Hill 2006; Windeisen et al. 2007; Niemz et al. 2010; Esteves et al. 2013; Yildiz et al. 2013; Tolvaj et al. 2014; Fabiyi and Ogunleye 2015; Cheng et al. 2016) occur by heat treatment of wood at high temperatures (180 to 240 °C) in controlled inert atmosphere, steam, vacuum, fumes with low/no content of oxygen to avoid burning. Chemical changes following exposure of wood (including beech) to elevated temperatures have been extensively studied (e.g., Militz 2002; Tdjeersma and Militz 2005; Windeisen et al. 2007; Esteves et al. 2013; Yildiz et al. 2013; Tolvaj et al. 2014; Fabiyi and Ogunleye 2015; Cheng et al. 2016) . However, there are further questions that need to be answered to regarding the chemical mechanism involved in relation to the different behavior of wood species, influence of treating conditions, especially composition of treating atmosphere. In a recent review Candelier et al. (2016) stated as key message that: "an efficient use of thermal treatment of wood requires a depth understanding of the chemical modifications induced".
Appealing color changes, dimensional stabilization, and the improved durability to biological factors are the most important and valuable improvement aspects envisaged in the heat treatment of beech wood, a non-durable wood species with high swelling and shrinking coefficients (Gonzales-Pena and Hale 2009; Altinok et al. 2010; Chaouch et al. 2010; Kaymakci and Akyildiz 2011; Wetzig et al. 2011; Mitani and Barboutis 2012; Todorovic et al. 2012; Ferrari et al. 2013; .
Hydrolytic and oxidative processes are considered to mainly contribute to the formation of chromophores during heat treatments. The chemical changes leading to color changes in heat-treated wood are complex and not completely understood yet, but they are related to degradation products of hemicelluloses, lignin, and certain extractives (Fengel and Wegener 1984; Sundquist 2004; Chen et al. 2012) . Chen et al. (2014) showed that color changes of wood flour following heating (24 h at 120 °C) were different in terms of chromaticity and intensity for non-extracted and extracted samples, as well as for delignified samples, which actually demonstrates the participative and specific role of main and secondary wood components in color change. Formation of extensive conjugated structures, such as unsaturated ketones and quinones due to the cleavage of lignin units has been shown by FTIR (Chen et al. 2012) .
Successive chemical reactions occur in wood during heat treatments, and these determine evolving changes detectable by FTIR spectra throughout the whole process. Cleavage of acetyl groups of the hemicelluloses, leading to formation of acetic acid, is followed by hydrolysis of hemicelluloses in the acidic conditions created. Further dehydration reactions of hemicelluloses (Gerardin 2015) leading to formation of furfural and hydroxyl-methyl-furfural, which may undergo further degradation (e.g., to levulinic and formic acids), contribute to the decrease of free hydroxyl groups. Esterification reactions (Tdjeersma and Militz 2005) and oxidative processes of lignin and carbohydrates (Esteves et al. 2013 ) also occur later in the process. This mechanism is observed in FTIR spectra by an initial decrease of carbonyl absorption band at ~1730 cm -1 followed by its increase later in the process. A clear increase of the ratio of absorption bands of unconjugated (1730 cm -1 ) and conjugated (1650 cm -1 ) carbonyl groups (A1730/A1650) was observed, being assigned to condensation of lignin and carboxylation of polysaccharides Esteves et al. 2013) . Changes in the structure of lignin, such as an initial depolymerisation by splitting of aliphatic side chain (e.g., C-O bonds of C3 side chain and especially β-(O-4) ether linkages) and further condensation reactions (Gerardin 2015 and literature cited herein) are revealed in FTIR spectra by a PEER-REVIEWED ARTICLE bioresources.com Timar et al. (2016) . "Steam-and heat-treated beech," BioResources 11(4), 8325-8343. 8328 higher intensity of the aromatic skeletal vibrations at 1600 and 1505 cm -1 , which also shifts to 1510 -1512 cm -1 , and the higher intensity of the absorption at 1330 cm -1 , as well as the shift of 1245 to 1220 cm -1 absorption band (C-O bonds) (Windeisen et al. 2007; Esteves et al. 2013) . Aldehydes including formaldehyde, acetaldehyde, furfural, and hydroxymethylfurfural are also involved in reticulation reactions of lignin with formation of methylene bridges. Extractives (e.g., terpenes and polyphenols naturally occurring in wood) evaporate in the first stages and then new extractives (including polycyclic phenols with antioxidant activity, according to Abajji et al. 2009 ) are formed above 160 °C by thermal degradation of wood components and migrate to the surface contributing to its low wettability (Gerardin 2015 and literature cited herein) .
During the last decades, several heat treatment processes reached industrial application in supplying products to the European market. The main differences between them lie in the nature of the inert atmosphere and the curing conditions used during the heat treatment. The heat treatment conditions involve mass loss during the process and changes to the product properties. It is generally acknowledged that thermal decomposition reactions of the wood polymers is accentuated by the presence of oxygen, while also thermal degradation is more rapid in systems were moisture is present due to the catalytic effect of the acids (acetic acid) resulting by hydrolysis. However, more research has been focused on the effect of treatment intensity (temperature, time) (e.g., Chaouch et al. 2010; Baysal et al. 2014; Cheng et al. 2016) than on the influence of the atmosphere during the process (e.g., Wetzig et al. 2011; Chen et al. 2012; Bal 2015) , though some differences in the chemical processes occurring in different environments and, therefore, differences in the properties of the treated material should be expected.
OBJECTIVES
The main aim of this research was to investigate comparatively the color and chemical changes revealed by FTIR as result of two different heat-treatments applied to beech wood: heat-treatment in superheated steam in an industrial-scale kiln based on the ThermoWood process and heat treatment in a laboratory-scale electric oven, in air at atmospheric pressure. These treatments were applied on pre-steamed beech samples, and therefore color and chemical changes due to this initial treatment were also analyzed by employing the same methods.
The present research is part of a more extensive project emerged from the idea to use an existing manufacturing line of solid wood panels from pre-steamed beech wood strips and adapt it so as to produce on the same line solid wood panels from heat-treated beech wood strips.
EXPERIMENTAL

Wood Material and Thermal Treatments
To manufacture solid wood panels, 400 × 50 × 28 mm beech wood strips were steamed as in Table 1 and dried to a moisture content of 7 ± 2% according to the schedule presented in Table 2 . These light steamed samples were coded M_S, while the original untreated beech wood samples were coded M in this research. Half of the steamed samples were heat-treated in superheated steam in an industrialscale kiln based on the ThermoWood method ( Phase 1 -The chamber temperature is raised rapidly up to 100 °C. Then, the temperature is increased steadily to 130 °C, during which time the high-temperature drying takes place and the moisture content in the wood decreases to nearly zero;
Phase 2 -Once high-temperature drying has taken place, the temperature inside the chamber is increased to between 185 °C and 200 °C, depending on the type of wood (in case of beech it is 200 °C). When the target level has been reached, the dry-bulb temperature remains constant for 2-3 hours (2.5 hours in case of 25 mm thick beech). Throughout this phase, the wet-bulb temperature stays constant at 99 °C; Phase 3 -Cooling and moisture conditioning represents the final stage and it consists of lowering the temperature. When the temperature has reached 80 to 90 °C, remoisturizing takes place by using a water spray system to bring the wood moisture content to a usable 4% to 7%. The maximum pressure used within this process was 253 Pa.
The other samples were heat-treated in a laboratory-scale electric oven, in air at atmospheric pressure (Fig. 1 , red diagram) and were coded HT_2. Although the media were different, the temperature (200 °C) and duration (2.5 h) of the heat treatment were the same in the two cases. However, there were differences in the total process duration, in the heating dynamics up to the final heating temperature of 200 °C, and in the cooling time ( Fig. 1 ; Table 3 ). The mass loss due to the heat treatment was calculated based on the weighting of each sample before and after the heat treatment according to Eq. 1,
where Mi represents the mass of the sample before the heat treatment (g) and MHT is the mass of the heat-treated sample (g).The four faces of all wooden strips (control, steamed, and further heat treated) were planed to remove external layers before investigation.
Color Measurements
The color of the samples was assessed in the CIE Lab system by an AvaSpec-USB2 spectrometer (10° standard observer, under standard D65 illuminant, Avantes Apeldoorn, Netherlands), equipped with an integrating AVA sphere with a diameter of 80 mm, interconnected by optical fibers. Data were processes using Ava Soft version 7.7 software. The color coordinates lightness L* (varying from 0 for black to 100 for white), redness a* (varying from negative values for green to positive values for red on the green-red axis), and yellowness b* (varying from negative values for blue to positive values for yellow on the blue-yellow axis) were measured for control (M), slightly steamed (M_S), and heat treated samples (HT_1, HT_2). For each variant, three strips were measured in 3 different randomly chosen areas, so that the results represented the average of nine measurements of small areas with a diameter of about 10 mm.
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Three slices of about 5 mm were cut transversally from each strip to determine if color was uniform inside of the 28 thick strips. As the color was uniform and also the FTIR spectra registered on different areas of these transversal sections were similar, the color measured on the surface was considered representative for the bulk material.
The color changes associated with light steaming and the two different heat treatments were evaluated by calculating the color difference ΔE (Eq. 2),
where ΔL*, Δa*, and Δb* are the differences between the respective coordinates of control samples and those for the thermally treated ones. As previously noted (Allegretti et al. 2008; Klement and Marko 2009) , the smallest color changes visible by human eye are associated with E values higher than 0.2 and lower than 2.0, while E values between 2 and 6 account for clearly visible differences. E values higher than 6 and smaller than 12 are high color differences. A color difference higher than 12 is considered as emerging from two different colours.
FTIR Investigation
FTIR spectra were measured on samples heat-treated by the two different processes (H_T1 and H_T2), untreated wood (M), and slightly steamed wood (M_S) to evaluate and compare the changes in the chemical composition of beech wood, first the ones caused by steaming, then, comparatively, the ones caused by the two heat-treatments. A Bruker Alpha spectrometer (Bruker Optik GMBH, Ettlingen, Germany ) with an ATR unit was employed to record spectra in the range of 4000 to 400 cm -1 , at a resolution of 4 cm -1 and 24 scans. For each type of sample, spectra were recorded on three different slices of about 5 mm thick, cut from the strips.
Spectra were recorded on three randomly chosen areas of each strip to cover both outer layers and the middle of the sample. Each individual spectrum was then baseline corrected and smoothed. Average spectra were first computed for each slice (3 spectra) and then as a general average for the sample type (average of averages on 3 slices), so that finally an average of 9 spectra were considered for each case.
The resulting average spectra of control and thermally treated samples were compared to observe differences brought about by the different thermal treatments in this research. Assignment of absorption bands was done based on the literature (Tolvaj and Faix 1995; Colom et al. 2003; Pandey 2005; Pandey and Vuorinen 2008; Rosu et al. 2010; Chang et al. 2010a, b; Emandi et al. 2011; Chen et al. 2012 Chen et al. , 2014 . Moreover, the areas of some absorption bands were integrated, and some ratios of some relevant absorption peaks were computed to assist interpretation of results. All spectra processing and calculation including integration was done using OPUS software (Bruker Optik GMBH, Ettlingen, Germany).
Integration of areas was based on the "tangent skim method", which measures the area between the curve and the linear baseline drawn across the bottom of the peaks (http://terpconnect.umd.edu/~toh/spectrum/Integration.html), the borders of integration resulting from the position of this tangent line (Table 5) , slightly adjusted if necessary for each type of sample.
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RESULTS AND DISCUSSION
Mass Loss
The average mass loss of the 10 samples heat-treated by the ThermoWood method was 13.18 ± 1.36%, while that of the 10 samples heat-treated in air was 4.10 ± 0.24%, which counts for a mass loss 3.2 times higher for ThermoWood method in superheated steam compared to heat treatment in presence of air at atmospheric pressure. The importance of the total time of exposure at temperatures above 100 °C (heating + actual heat treatment) has been emphasized by Candelier et al. (2015) , who found that the temperature kinetics during heat treatment may be used to quantify the treatment effectiveness. The relative area situated below the temperature curve up to 100 °C on the temperature/time diagram is a reliable indicator of the heat treatment intensity. Higher relative area indicates greater mass loss and, thus, more severe degradation. The result obtained within the present research regarding the lower mass loss when treating wood at atmospheric pressure can be well explained by applying this instrument of quantification. The relative area below the temperature curve in case of the heat treatment in superheated steam was 1415 °Ch, which was 2.3 times higher than for the heat treatment at atmospheric pressure, where the relative area measures 625 °Ch. (Fig. 2) .
Color Changes
Color change is an important effect of heat treatments with positive impact on the consumers and market. Visual assessment of color changes revealed that slight steaming of beech wood samples caused a slight color change visible as turning from white -yellow to a pale reddish shade, whilst further heat treatments of these slightly steamed samples determined a major color change to dark brown. The samples treated by the two different procedures appeared quite similar on average, though small differences among samples of the same group (HT_1 or HT_2) were visible. Color variability of wood is well known, and this seemed to remain the case also for heat-treated wood.
The color measurements on the investigated samples are presented in Table 4 . These results were in good accordance with visual perception, though more relevant as free of subjective evaluation, and at the same time representing an average of more measurements (min 3/sample) and samples (3 replicates). Color data show that steaming results in decreased lightness (L = -7.58) and a chromatic shift in the color space to red (a* = +5.07) and yellow (b* = +5.68). The overall color change by light steaming was expressed by an E value of 10.75, which accounts for a high color difference compared with control beech.
Further heat treatments of lightly steamed beech resulted in noticeable higher color changes influenced by the actual treatment applied. For heat treatment 1 (ThermoWood process in superheated steam), there was a clear decrease in lightness (L = -21.29) accompanied by a decrease in redness (a* = -4.09) and a more important decrease of yellowness (b* = -8.18), with a total color difference E of 23.17. Compared with the control un-steamed beech, redness of heat treated beech HT_1 increased, while yellowness decreased. For heat treatment 2, the decrease of lightness (L = -22.50) and redness (a* = -4.21) were only slightly different (with 1 unit or less) compared with HT_1. Overall, heat treatment of steamed beech by the second procedure produced a E of 21.84, close to that computed for the first procedure (with only 1.33 units lower). These color difference values (above 12 units) accounted for different colours.
Color evolution during heat treatment is used to classify treated wood, as there are significant correlations of E values with treatment intensity, the mass loss, and the thermal process used (Candelier et al. 2015) . However, a correlation related to evolution of heattreated wood color, which is valid for a certain treatment method cannot be used to compare the color changes resulting from different methods. Moreover, chemical changes in the presence of oxygen, especially polyoses degradation and oxidation, are accelerated (Gerardin 2015) , and specific chromophores such as quinones are formed (Chen et al. 2012) . This may explain why in the present research quite similar color differences resulted from the two heat treatments in different environments, though the mass losses were noticeably different. Heat treatment in presence of air (HT_2) with mass loss of about 4% resulted in a color change (E = 21.84), which was only slightly lower than that (E = PEER-REVIEWED ARTICLE bioresources.com Timar et al. (2016) . "Steam-and heat-treated beech," BioResources 11(4), 8325-8343. 8334 23.17) corresponding to a mass loss of about 18% in a heat treatment in over heated steam. However, due to the variability of color as wood property, measurements on a higher number of replicates are necessary for a clear conclusion.
The presence of air in the second procedure likely causes accentuated degradation of hemicelluloses and amorphous cellulose (Sandquist 2004; Hill 2006) and dehydration reactions, which form carbonaceous material within the wood structure (Gerardin 2015 citing Nguila et al. 2007 ). This may have contributed to the accentuated darkening of these samples at lower mass loss values. Microscopic investigation of the heat-treated samples seemed to confirm this hypothesis (Fig. 3) . Thus, more dark inclusions with carbonized aspect and reflective properties were present on the surface of beech samples heat treated in the presence of air (HT_2) than in steam atmosphere (HT_1). Steam acts as a blanket protecting wood surfaces from contact with oxygen (Hill 2006) . Moreover, a clearly higher contrast between latewood and early wood was visible (at both macro and micro levels) on the transversal section of heat-treated beech HT_2 compared with H_T1. 
FTIR Investigation
The spectra of the investigated samples are depicted in Figs. 4 and 5. Only spectra of control and light steamed beech wood are presented on the whole range of wave-bioresources.com Timar et al. (2016) . "Steam-and heat-treated beech," BioResources 11(4), 8325-8343. 8335 numbers 4000 to 400 cm -1 in Fig. 4a . The other spectra are only presented in the region 1800 to 800 cm -1 , where most of the specific vibrations occurred and some changes were easily observed. The spectra showed strong bands of H bonded O-H stretching absorption at around 3330 to 3340 cm -1 and C-H asymmetric and symmetric stretching at around 2880 to 2930 cm -1 . 1506 cm -1 (aromatic skeletal vibration of lignin), 1455 cm -1 (aromatic CH deformation and asymmetric bending of CH3 in lignin), 1422 cm -1 (C-H deformation in lignin and carbohydrates; CH2 bending in cellulose), 1367 to 1370 cm -1 (CH deformation in carbohydrates: cellulose, hemicelluloses), 1324 cm -1 (syringyl ring breathing with CO stretch and C1-O vibration in syringyl derivatives of lignin and C-H vibration in cellulose), 1234 cm -1 (C-O stretch in lignin and xylan, syringyl ring), 1155 cm -1 (C-O-C asymmetric bridge stretching vibration in cellulose and hemicelluloses), 1110 cm -1 (aromatic skeletal and C-O stretch in lignin and polysaccharides), 1028 to 1030 cm -1 (C-O stretching of primary alcohols in cellulose and hemicelluloses ), and 900 cm -1 (C1-H deformation of glucose ring in cellulose) (Tolvaj and Faix 1995; Colom et al. 2003; Pandey 2005, Pandey and Vuorinen 2008; Chang et al. 2010a,b; Rosu et al. 2010; Emandi et al. 2011; Chen et al. 2012 Chen et al. , 2014 .
The integrated areas of some of these absorption bands further employed in semiquantitative evaluation of chemical changes are presented in Table 5 , while the resulting calculated ratios are summarized in Table 6 . Light steaming did not cause readily detectable chemical changes in the FTIR spectra (Fig. 4) . This result was expected, as only limited hydrolysis of hemicelluloses and dissolution/decomposition/oxidation of extractives (usually not detectable by FTIR) could actually occur in the mild steaming conditions performed in this research. Hydrolysis of hemicelluloses, especially xylan (pentosan), present in higher proportions in hardwoods (beech), starts with deacetylation of esterified hydroxyl groups; therefore, a slight decrease in non-conjugated carbonyl groups (present mostly in hemicelluloses as acetyl) and slight increase in free hydroxyl groups was expected. This was reflected in the slight decrease of the ratios A1730/A1370 (non-conjugated carbonyl/ carbohydrates) from 5.08 (M) to 4.88 (M_S) and A1730/A1643 (non-conjugated carbonyls/conjugated carbonyls) from 2.82 to 2.27.
Furthermore, the FTIR ratios A1506/A1370 (increasing from 1.14 to 1.33) and A3340/A1506 (decreasing from 144.30 for control M to 118.71 for M_S) suggested that light steaming led to a surface richer in lignin and less hydrophilic. This effect might be explained by decreased hemicellulose content following removal of water-soluble decomposing fragments from the wood surface. Moreover, lignin-carbohydrates linkages may be broken during steaming (Kosikova et al. 1999) . The hydrolytic cleavage of -O4-aryl-ether linkages in lignin leading to water-soluble lignin fragments and formation of free phenolic hydroxyl groups may occur (Hill 2006) , though more likely at higher temperatures than those employed in this research. The presence of sugars, phenols, and lignin-derived soluble monomers in the water effluents from beech steaming reported by Ledig et al. (2004) supports these results.
Heat treatment of the light-steamed beech resulted in clearly visible changes in the FTIR spectra (Fig. 5 ). In the case of heat treatment in overheated steam atmosphere (HT_1), the most obvious changes consist in a significant decrease of the absorption band for conjugated carbonyls at 1643 cm -1 and a slight increase of the absorption bands for lignin at 1506 and 1595 cm -1 . The increase of lignin absorption bands is explained by the degradation of polysaccharides (hemicelluloses) leaving a surface richer in lignin (Hill 2006) , while some successive processes in the structure of lignin are associated with the decrease of Timar et al. (2016) . "Steam-and heat-treated beech," BioResources 11(4), 8325-8343. 8338 conjugated carbonyl groups present mostly in the structure of lignin aliphatic chain at the C. Initial cleavages in the lignin network, occurring at the C and -O4-(aryl-ether linkage) positions, are followed by further condensation of lignin units through the C position of the side chain (Hill 2006; Windeisen et al. 2007; Esteves et al. 2013 ) to a more cross-linked structure, which can also include furfural units resulted from sugars by dehydration.
Similar changes in the FTIR spectra were recorded in the case of beech heat-treated in the laboratory oven in presence of air (HT-2), though the intensity of these changes was different, as resulting from the superimposed spectra in Fig. 5 and the data in Tables 5 and  6 . Notably, the intensity of the non-conjugated carbonyls absorption band at 1730 cm -1 remained unchanged for both HT_1 and HT_2 compared with the steamed beech. However, this was slightly shifted from 1733 cm -1 to lower wave numbers (1730 cm -1 for HT_1 and 1731 cm -1 for HT_2) as it actually represents different types of carbonyl groups than the acetyl moieties in hemicelluloses, which are the first to be hydrolyzed during the heat treatment of wood due to their lability (Fengel and Wegener 1984; Tdjeersma and Militz 2005; Hill 2006 ). The non-conjugated carbonyl groups in the heat-treated beech should be associated with more free carboxylic acid groups and new ester groups formed during later stages of heat treatment in the structure of both lignin (Tdjeersma and Militz 2005) and carbohydrates Esteves et al. 2013 ) by esterification, carboxylation, and oxidative processes. Depolymerisation of amorphous cellulose and oxidative processes of cellulosic hydroxyls leading to carbonyl and carboxyl groups can also occur in the case of heating in air atmosphere (Hill 2006) .
The calculated FTIR ratios presented in Table 6 allowed an easier identification of chemical changes associated with the thermal processes investigated in this research, including the subtle ones associated to the light steaming, alongside a comparison between the HT_1 and HT_2 heat treatments. The values of these ratios suggest that heat treatments caused decrease of carbohydrate content and oxidative effects (increase of A1730/A1370), leading to a relative increase of lignin content (increase A1506/A1370), and a reduced relative ratio between hydrophilic/hydrophobic components (decrease of A3340/A1506). A clear increase in the ratio between the areas of absorption bands of non-conjugated (1730 cm -1 ) and conjugated (1643 cm -1 ) carbonyl groups, from 2.27 for steamed beech to 32.34 for HT_1 and 14.38 for HT_2 was registered, in accordance to previously reported research Esteves et al. 2013) .
Moreover, a comparison of all the calculated FTIR ratios indicates that these changes were more advanced for HT_1 than HT_2. This is in accordance with the higher mass loss value determined for HT_1 (13.18%) compared with HT_2 (4.10%). Mass loss is closely related to the thermal degradation of wood during a heat treatment and appears to be the main indicator of the treatment intensity (Allegretti et al. 2012) , which is strongly influenced by the heating medium and treatment intensity (couple temperature-duration).
Analyzing the relative values of relevant FTIR ratios (area of a certain peak for heat treated wood) in relation to the mass loss registered in the two treatments, a correlation could be observed (graphs not shown). The obtained results support the reliability of FTIR as an investigation tool for monitoring heat treatment processes. However, tests with more heat treatment conditions need to be performed in order to validate such an instrument and this will be the subject of further research. A slightly different approach, employing FTIR and SD-IR (second derivative -infrared) correlation spectroscopy, has been recently reported by Li et al. (2015) , showing a strong relation between treatment intensity and chemical changes of wood main components, as revealed by FTIR.
